Changes in the water relations parameters of developing somatic embryogenic and xygotic European larch (Larix decidua) were studied. Water release curves were generated by suspending tissue samples over unsaturated NaCI solutions until they reached vapor equilibration with the surrounding air. Twenty solutions were used whose water potentials ranged from -0.05 to -10 MPa. Water release curves were obtained by plotting paired values of tissue relative water content (RWC) and solution potential. Curves were derived for embryonic larch at various stages of development and for hypocotyls and roots from germinated zygotic and somatic embryos. The ability to resist dehydration increased markedly with development. Stage 1 tissue, which consisted of clusters of loosely associated nonchlorophyllous cells, had extremely low bulk elastic modulus (e) (1.91 MPa) and apoplastic water content (A) (0.023), relatively high osmotic potential (war) , and lost turgor at 0.56 RWC. In contrast, mature embryoids with primary roots, hypocotyl, and cotyledons (stage 3) had an almost 4-fold increase in A (0.089), significantly higher (3.49 MPa), and lower *,I (-0.88 MPa) and lost turgor at 0.66 RWC. Hypocotyl tissue from germinated somatic embryos lost turgor at 0.74 RWC and had higher E, A, and solute accumulation than pregerminated tissue. Hypocotyl tissue resisted dehydration more strongly than root tissue, and differences between root and hypocotyl water relation parameters were more pronounced in xygotic than in somatic seedlings. Highest dehydration resistance was in zygotic hypocotyls. The characterization of the water relations of tissue cultures should allow the development of more consistent and reliable desiccation protocols to induce maturation of embryos and produce synchronously germinating seed.
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Cultured cells are usually characterized by their morphological, ultrastructural, and biochemical traits. Generally, their physiological characteristics, in particular their water relations, receive much less attention (29) in spite of the obvious influence that the culture media must have on tissue water potential.
Cultured cells are typically grown in a medium with a low *,, resulting from high concentrations of salts, organic nitrogen sources, and sugars. These potentials, which are lower than those encountered by roots in soil, may be critical in determining cell growth and differentiation. To studies have focused on this area (9) . Additionally, there are few studies of the water relations of developing tissues during organogenesis (6) and no studies of the water relations of developing somatic embryo cultures.
Conifer embryos formed in vitro may mature readily without any special treatments, as has been found in larch (14, 20) . However, many somatic embryo cultures only mature when ABA (3) and/or high levels of osmoticants such as hexitols (11, 19, 30, 31) are added to the growth media. The interest in maturation of embryos produced by in vitro culture has led to attempts to create conditions conducive to normal developmental processes such as desiccation (24) and the build-up of storage proteins (23) . To date, the maturation protocols that use desiccation to produce somatic embryoids, although used routinely during in vitro processing of some forest (28) and crop species (22) , have been empirically derived (24) and have not invoked a well-established water relations theory that could be used to give them a more quantitative foundation. This is, in part, because reliable measurement of tissue parameters such as turgor, E, and A have been precluded by the lack of suitable techniques.
Livingston and de Jong (17, 18) described a simple technique to measure water relations parameters in broad leaves and conifer needles. The technique, which is an extension of methodology described by Slatyer (27) , involves the generation of water release curves by suspending tissue above unsaturated salt solutions until it has reached vapor equilibrium with the surrounding air. The objectives of this study were (a) to adapt this technique to characterize, for the first time, the water release curves and water relations parameters of embryonic tissue cultures; (b) to determine whether there were significant changes in water relation parameters during tissue development from disorganized callus to germinated embryoids; and (c) to determine whether there were differences between the water relations parameters of seedlings produced from somatic embryos and those produced from the germination of zygotic embryos.
MATERIALS AND METHODS

Plant Material
The species studied was European larch (Larix decidua). The cultures are able to regenerate from disorganized callus to form embryoids of increasing complexity and finally even to germinate (25, 34, 35) .
Embryogenic tissue was induced as previously described by von Aderkas et al. (35) . The progress in morphological complexity from clusters of loosely associated cells to embryoids possessing cotyledons has been documented by Rohr et al. (25) Material was maintained on semi-solid half-strength modified Litvay's medium (35) solidified with Gelrite (Kelco). Samples were taken from the actively growing regions. Embryoids were allowed to germinate on maintenance medium. When the roots and hypocotyls were approximately 5 to 10 mm long, they were excised and separated for analysis.
Seeds (lot 4907) from Forestry Canada in Fredericton, New Brunswick, (courtesy of Dr. J. Bonga) were surface sterilized in bleach for 5 min, washed three times in sterile doubledistilled water, and put on Whatman No. 1 filters placed on a wet sponge in a germination box. Roots and hypocotyls were separated for analysis. Attempts were made to coordinate germination of both somatic and zygotic embryos so that their respective hypocotyls and roots were of similar size when harvested.
Generation of Water Release Curves
Standard 0.5-mL 30 x 8 mm Eppendorf microcentrifuge tubes were prepared by cutting off and discarding their caps (leaving as much of the connecting tab as possible) and sectioning the lower portion of the tube just below the taper. For measurements using embryonic and postgerminant tissue, the tapered end of the tube was gently heated in a flame and then the cut end pressed on to a disc (6.35 mm diameter) punched from nylon mesh (NGG 52, 335 ,tm opening, 46% porosity). A collar, approximately 5 mm long, and cut from 6.35 mm i.d. tygon tubing, was then fitted around the bottom of the tube. Between 4 and 8 mg of tissue was placed on the screen. For measurements using undifferentiated tissue (stage 1), nylon screens were not used. In this case, between 10 and 20 mg of callus tissue was spread with a spatula across the cut end of the Eppendorf tube.
After weighing, Eppendorf tubes were placed about 5 mm above 3 mL of unsaturated NaCl solution of known molality held in a 10-mL, 6 .5-mm i.d. culture tube lined with filter paper. Eppendorf tubes were held in place by the connecting tab (formerly attached to the cap), which pushed against the side of the culture tube.
Tubes were capped and randomly arranged in a rack and immersed in a well-stirred water bath held at 5 ± 0.010C.
This was done to maintain constant 'P, eliminate temperature gradients that might cause condensation of water at the tissue surface, and minimize respiration and hydrolysis during vapor equilibration.
Twenty NaCl solutions were prepared with molalities ranging from 0.013 to 2.237 to provide a corresponding range of Ts from -0.05 to -10 MPa. The RH of air in equilibrium with the solutions ranged from 99.9 to 92.5%. Ts were calculated using the formula and coefficients given by Lang (15) . There were at least four replicates for each T. In addition, there were at least 20 controls in which tissue was suspended above deionized water (T = 0 MPa).
Eppendorf tubes were removed from culture tubes after a minimum of 100 h and weighed immediately on a precision balance to within 0.01 mg. They were then dried at 650C for 48 h to determine tissue dry weight (Md).
Tissue RWC was calculated as
where M is the tissue mass at a given ' and Mt is the tissue mass at full turgor. (32) , although it has been suggested that A might decrease during dehydration (7, 8) .
Following Joly and Zaerr (13) the points in the nonlinear region of the curve were fitted to a function of the form:
where values of the coefficients a, f, y, and n were obtained using a constrained least squares technique (16) solutions must have been due to dehydration and not respiration. In There was very good agreement between psychrometric determinations (using C-52 sample chambers and an HR-33T microvoltmeter, Wescor, Inc., Logan, Utah) of *I, of sap extracted from stage 1, 2, and 3 tissue (-0.51 ± 0.03, -0.71 ± 0.06, and -0.94 ± 0.07 MPa, respectively) and values determined from water release curves (-0.53 ± 0.04, -0.63 ± 0.03, and -0.88 ± 0.04 MPa, respectively). The low variability, particularly within the pregerminated somatic material (Table I) , of all the water relations parameters, made independently by three individuals on separate occasions, was a further indication of both the reliability of the unsaturated salt solution technique to generate water release curves and the efficacy of using an iterative computer program to select the best fits for T isotherms rather than subjective interpolation.
The ability of tissue to resist dehydration with decreasing T changed dramatically as tissue developed (Fig. 3) . Stage 1 tissue had extremely low A, probably reflecting either minimal cell wall development or minimal development of waterbinding components such as pectin within the cell wall matrix. Previous light and electron microscopy of tissue (25, 33) indicated that there were no secondary wall structures and that cell wall volume was less than 10% of the total cell volume.
Stage 1 tissue also had low e and high 'I',t (Table I ) and consequently lost turgor between 0.54 and 0.58 RWC. e was remarkably constant over a wide range of turgor pressure. Dracup et al. (9), with suspension-cultured tobacco cells, determined similar values of E and reported that there was no strong dependence on turgor. This contrasts with data collected on various individual cells using a pressure probe (37) .
With increasing embryoid development, there was a corresponding increase in A and e and decrease in I't. A was almost 4 whereas changes in the other parameters were more conservative but nonetheless significant. Stage 3 tissue lost turgor at a significantly higher RWC (between 0.64 and 0.68) than the previous stages.
Seedlings developed from in vitro culture showed an almost 5-fold increase in apoplastic water compared to the starting tissue. e was also highest in hypocotyl tissue, which might have been due to an increase in transverse area that has been shown to influence e by Falk et al. (10) and Niklas and Moon (21) using multiple resonance frequency spectra.
Hypocotyl tissue had significantly lower '., than previous stages. Consequently, the tissue turgor loss point was correspondingly higher.
In both zygotic and somatic seedlings, solute accumulation, E, and A were all lower in root than in hypocotyl tissue. Differences between roots and hypocotyls were much more pronounced in zygotic than in somatic tissue (Fig. 3) , in the later case, the differences in A, although consistent, were not significant. It is likely that the differences in water relations parameters between root and hypocotyl tissue were the result of greater structural development, greater amounts of storage proteins and lipids in the hypocotyl than in the root, and differences in starch composition. This will be the subject of further investigation.
There was much greater variability in all the water relations parameters derived for post-rather than pregermination material. This is likely due to the accelerated rate of development after germination. Interestingly, zygotic tissue generally had significantly higher solute accumulation, E, and A than somatic tissue, but this might have been due to a later stage of development at harvesting. Experiments will be conducted to determine whether differences in water relations parameters between somatic and zygotic seedlings are maintained over longer periods.
Seedlings raised in vitro were not produced using protocols that involved the application of ABA and the use of high (24) ; however, in other systems, more extensive drying is reported to be required (1, 22, 26) . In other studies, somatic embryos have been subjected to a range of humidities to determine the effects of osmotically induced stress on maturation and desiccation tolerance (4). Unfortunately, it is not clear in any of the studies referred to above whether tissue had come to equilibrium with the surrounding air. For example, embryos subjected to air with a RH of 81% (4) and, therefore, a of -28 MPa (assuming an air temperature of 150C), would have been totally desiccated and no longer viable if allowed to come to full vapor equilibrium. It is likely that such a lack of equilibrium might explain some of the differences and the great variability in the reported effects of desiccation on somatic embryo maturity and germination.
We believe that our technique (which can also be applied to suspension cultured cells after centrifugation to remove loosely bound water), by providing a means of characterizing the water relations and development of tissue cultures, will give a much clearer understanding of the effects of desiccation on the maturity and germination of somatic embryos and will allow the development of more reliable desiccation protocols to produce synchronously germinating seed. Our results show that tissue resistance to dehydration can change markedly, so that there is a need to establish the most appropriate levels of drying for a given stage of development.
